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Energy Balance Concept in the Evaluation of Water Table Management 
Effects on Corn Growth' Experimental Investigation 
PRASANTA K. KALITA AND RAMESHWAR S. KANWAR 
Agricultural and Biosystems Engineering Department, Iowa State University, Ames 
The effects of water table management practices (WTMP) on corn growth in 1989 and 1990 at two 
field sites, Ames and Ankeny, Iowa, were evaluated by calculating crop water stress index (CWSI) and 
monitoring plant physiological parameters during the growing seasons. Experiments were conducted 
on field lysimeters at the Ames site by maintaining water tables at 0.3-, 0.6-, and 0.9-m depths and in 
a subirrigation field at the Ankeny site with 0.2-, 0.3-, 0.6-, 0.9-, and 1.1-m water table depths, and 
periodically measuring leaf and air temperature, transpiration rate, stomatal conductance, and 
photosynthetically active radiation (PAR) using leaf chamber techniques. Net radiation of canopy was 
estimated using the leaf energy balance equation and leaf chamber measurements and then correlated 
with PAR. Analysis of data revealed that net radiation, leaf air temperature differential, transpiration 
rate, stomatal conductance, and CWSI were strongly related to WTMP during vegetative and 
flowering stages of corn growth. Excess water in the root zone with a water table depth of 0.2 m caused 
the maximum crop water stress and ceased crop growth. Both water and oxygen could be adequately 
maintained for favorable crop growth by adopting the best WTMP. Results indicate that plant 
physiological parameters and CWSI could be used to evaluate the effectiveness of WTMP and develop 
the best WTMP for corn growth in the humid region. 
INTRODUCTION 
Water table management in the artificially drained areas of 
Iowa is very important to sustainable agriculture because 
about 40% of Iowa's corn and soybean acreages are cur- 
rently artificially drained. Optimum water table management 
practices (WTMP) that include drainage, controlled drain- 
age, and/or subirrigation have the potential to increase net 
farm returns in terms of crop yield and to reduce chemical 
transport through soil profile to groundwater [Kalita and 
Kanwar, 1989]. These practices need to be evaluated for 
both high yields and low pollutant discharge. The benefits of 
drainage and subirrigation to crop production are well doc- 
umented [Kanwar, 1988; Kanwar et al., 1988; Kalita and 
Kanwar, 1989; Evans et al., 1990]. Extensive work has been 
done in the Netherlands during the 1950s to establish rela- 
tions between average seasonal water table depths and crop 
yields. Wesseling [1974] reported that reduced oxygen sup- 
ply to the roots resulting from shallow water table depths 
leads to decreased rate of transpiration, nutrient uptake, 
photosynthesis, and crop growth. In the north central region 
of the United States, WTMP could result in 1250 to 1500 kg 
ha-• increase incorn yields and 625 to 2500 kg ha-• increase 
in soybean yields [Schwab et al., 1985]. 
Water table management practices help maintain adequate 
soil moisture and soil air in the crop root zone and create 
favorable plant growth conditions. The quantity of soil 
moisture and soil air in the root zone, however, depends on 
the depth at which the water table is maintained. On the 
basis of the availability of soil moisture and soil air in the 
root zone, crop physiological growth differs significantly, 
and transpiration rates, stomatal conductivities, photosyn- 
thesis rates, and canopy temperatures vary. Canopy temper- 
ature has long been recognized as an indicator of water 
availability to plants [Wiegand and Namken, 1966]. ldso et 
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al. [1977] and Jackson et al. [1977] used canopy air temper- 
ature differential as an index of crop water status. The daily 
crop evapotranspiration has also been successfully esti- 
mated from one-time measurement of the day using a factor 
readily calculated from day of year and time of day for 
latitudes between 60øS and 60øN [Jackson et al., 1983]. 
Extensive work has been done to relate plant water stress to 
the canopy temperature [Idso, 1982; Jackson, 1982; Jackson 
et al., 1977, 1981; Idso et al., 1981, 1982, 1984, 1985, 1986]. 
Idso et al. [1981] and Jackson et al. [1981] developed an 
index for crop water status known as crop water stress index 
(CWSI). This index has later been referred to as II (Idso- 
Jackson) plant water stress index [ldso et al., 1986], which 
was subsequently used in a context not directly related to 
water stress [Idso et al., !989]. 
Jackson et al. [1981] described energy balance consider- 
ations while developing CWSI from the canopy measure- 
ments. They approximated net radiation as 0.75 of the 
incoming solar radiation based on experimental results of 
Fritschen [1967]. Fritschen [1967] observed from a series of 
experiments on irrigated crops at Phoenix that the ratios of 
net and solar radiation were 0.75, 0.65, 0.80, 0.75, 0.73, 0.75, 
and 0.73 for alfalfa, barley, wheat, oats, cotton, sorghum, 
and all crops, respectively. Monteith and Szeicz [ 1962] found 
from experiments in England that net radiation as a percent- 
age of solar radiation income was 37% for bare soil, 41% for 
short grass, 46% for tall crops, and 53% for water. They also 
reported the results of another study by Roach (1955), who 
observed during summer at Kew that net radiation was 50% 
of solar radiation for turf. These studies indicate that the 
relation between net and solar radiation may vary depending 
upon type of crops and location. 
Crop water stress index has been a useful tool for quanti- 
fication of crop water stress and irrigation scheduling. It 
essentially quantifies crop water stress instantaneously for 
an area of a field using infrared and wet- and dry-bulb air 
thermometer and estimated value of net radiation in minutes 
[Jackson et al., 1981]. This index could be used to detect the 
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occurrence of nonpotential transpiration, evaluate the 
amount of extractable water from the soil, and separate total 
plant water potential into atmospheric- and soil-induced 
components [Idso et al., 1982]. With the development of leaf 
chamber techniques the canopy measurements have become 
much faster and easier, and CWSI has the potential to 
evaluate various aspects of a crop production system. The 
leaf chamber measurements, however, maintain higher val- 
ues of evaporative demand in the chamber than those in the 
external environment [Grantz and Meinzer, 1991]. The leaf 
microenvironment is altered by closure of leaf chamber 
[Monteith, 1990] as noted by Idso et al. [1986, 1987, 1988]. 
Grantz and Meinzer [1991] suggested that when large 
changes occur in the microenvironment, measurements must 
be made rapidly and related to conditions at the leaf surface 
before enclosure of leaf in the leaf chamber. 
In this study, energy balance and CWSI concepts were 
used to evaluate the effects of WTMP on corn growth in the 
humid regions. To the best of authors' knowledge, this is the 
first study in which these concepts were used for water table 
management. Two years of field data were collected from 
two different locations in Iowa where five different water 
table depths were studied. The overall objective of this study 
was to determine the value of net radiation and CWSI for 
different WTMP. This study also evaluates the effects of 
various WTMP on corn growth. 
THEORETICAL INVESTIGATIONS 
The energy balance concept has been reviewed here to 
show the development of CWSI and to demonstrate how net 
radiation is estimated from the leaf chamber measurements. 
Measurements of leaf and air temperature and CO2 exchange 
between individual leaves and the atmosphere have been 
greatly facilitated by leaf chamber techniques. Stomatal 
conductance, transpiration rate, and intercellular CO2 con- 
centration can be estimated using these instruments. Leaf 
chamber measurements are invaluable aid to the study of 
crop growth and its dependence on environmental and 
agronomic factors. The measurement techniques are dis- 
cussed later in "experiments" section. Through an analysis 
of the leaf's energy balance in the chamber, it is possible to 
obtain alternative determinations of quantities such as tran- 
spiration, leaf temperature, or net radiation. 
Energy balance concept: The surface temperature of 
vegetation is the equilibrium temperature at which the net 
increase in energy from incoming radiation is exactly equal 
to the energy loss in the form of sensible and latent heat 
transfer from leaves to the surrounding air [Monteith and 
$zeicz, 1962]. The energy balance equation can thus be 
written [Jackson et al., 1981] as 
Rn= G + H + AE (!) 
where 
R n net radiation, W m -2' 
G heat flux below canopy, W m -2' 
H sensible heat flux from canopy to air, W m-2; 
,•E latent heat flux to the air with X being heat of 
vaporization and E being transpiration rate, W m -2 
The sensible and latent heat fluxes are defined by (2) and (3), 
respectively: 
PCp(Tc- Ta) 
H = (2) 
ra 
PCv(e o - e a) 
XE = (3) 
'yr a 
where 
p air density, kg m -3' 
Cp specific heat capacity ofair, J kg-• øC-•; 
T•. canopy (leaf) temperature, øC; 
T a air temperature, øC; 
r a aerodynamic resistance to vapor transport, s m -•' 
e 0 effective leaf surface vapor pressure, Pa; 
e a vapor pressure of air, Pa; 
7 psychrometric constant, Pa øC-•. 
During the normal process of leaf transpiration, the air 
within substomatal cavities is almost saturated [Milthorpe, 
!961], and the effective leaf surface vapor pressure can be 
approximated an equal to saturated vapor pressure (es) at 
leaf surface temperature Tc [Monteith and Szeicz, 1962]. If 
r s is the resistance to molecular diffusion through leaf 
stomata (also called stomatal resistance), the latent heat of 
vaporization can be written as 
•Cp(e • - Co) 
AE = (4) 
Trs 
If evaporation from the soil is negligible, (3) and (4) could be 
combined to give the following equation' 
pCv(e s - e •) 
XE = (5) 
7(r a + r s) 
Combining (1), (2), and (5) and neglecting the small down- 
ward flux of heat from the crop canopy to the soil, we can 
write the heat balance equation as 
raRn (es- ea)ra 
Tc- Ta = 
pCp 7(r• + r•) 
or 
tarn (½ s -- ½ a) 
Tc- Ta = •- 
71+ 
(6) 
The upper limit of Tc- Ta can be found from (6) by 
allowing stomatal resistance r s to increase without bound. 
Therefore, as rs '-> oo, (Tc- Ta) becomes maximum and (6) 
reduces to 
tarn (Tc- ta) max = • (7) 
pCe 
For potential transpiration from crop leaves the stomatal 
resistance rs is probably not zero [van Bavel and Ehrler, 
!968] but has a value called canopy resistance at potential 
evapotranspiration r c•, and rc•, would be different for differ- 
ent crops [Jackson etal., 198!]. Thus, when rs '-> rc•, 
- Ta) becomes minimum. Therefore 
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raRn (es - e a) 
(Tc-Ta)minpCp(rcpl (8) ra/ 
Crop water stress index: A crop with adequate water in the 
root zone will transpire at the potential rate for that crop. As 
water becomes limiting, the actual evapotranspiration will 
fall below the potential rate. A measure of the actual to 
potential evapotranspiration is defined as an index of crop 
water status [Jackson et al., 1981; Idso et al., 1981]. For r s 
• r ce, transpiration becomes potential transpiration AEe. 
Therefore 
(es- ea) 
AEe = pCp ,y(r a + rcp) (9) 
Taking the ratio of actual to potential transpiration from (5) 
and (9), we obtain the following equation: 
AE ra d- rce 
AEe r a + r s 
(lO) 
The ratio in (10) varies from 0 to 1, 1 for adequate availability 
of soil water for potential transpiration rate (rs = rcn) and 0 
for no available water for transpiration (rs = oo). The crop 
water stress index has been defined by Jackson et al. [1981] 
as 
AE rs -- rcp CWSI = ! .... (11) 
AEn r s + r a 
where 
r s actual stomatal resistance at the time of 
measurement; 
r cp minimum stomatal resistance at potential 
transpiration; 
r a aerodynamic resistance to vapor transport (also 
called boundary layer resistance in leaf chamber 
measurements). 
CWSI varies from 0 to 1, 0 for no stress and 1 for fully 
stressed plant conditions. 
Leaf chamber energy balance: In the leaf chamber mea- 
surement echnique the sensible heat flux H and the latent 
heat flux ,rE are determined using the following equations 
LI-COR, 1987]: 
H = 2#bpCp(T c - Ta) (12) 
XE = 44,100E (13) 
where t/b is the boundary layer conductance (mol m -2 S -1) 
of one side of the leaf, p is in g mo1-1 , C•, is in J g-1 øC -! , 
Tc and Ta are in degrees Celsius, and E is transpiration rate 
in tool m-2 s - 1. The units of H and ,rE are the same as those 
defined in (1). Therefore the net radiation R n can be deter- 
mined from (12) and (13) to result in the following relation: 
Rn = 2#opCe(Tc- Ta) + 44,100E (14) 
In (11) and (14), net radiation and the energy balance of the 
vegetation are only considered. Hence the energy exchanges 
at the soil surface and their influences on the relationships 
developed in this study are neglected. 
TABLE 1. Selected Physical Properties of the Soils at the Ames 
and Ankeny Experimental Sites 
Bulk Organic 
De th, Sand, Silt, Clay, Density, Matter, 
m % % % pH g cm -3 % 
Nicollet Loam Soil at the Ames Site* 
0.15 31.3 43.6 25.1 7.3 1.20 4.3 
0.30 31.2 42.8 26.0 6.7 1.30 4.0 
0.60 42.2 42.2 30.1 6.9 1.35 2.9 
Nicollet Loam Soil at the Ankeny Site? 
0.15 29.5 44.3 26.2 5.9 1.25 3.2 
0.30 31.5 40.4 28.1 6.6 1.49 2.3 
0.60 38.6 34.1 27.3 7.1 1.46 1.5 
*Data are from Kanwar et al. [1988]. 
?Data are from Charkhabi [1990]. 
EXPERIMENTS 
Site Description 
Experiments were conducted at Iowa State University's 
research centers in Ames and Ankeny, Iowa. The soils at 
these sites are predominantly Nicollet loam in the Clarion- 
Nicollet-Webster soil association. Table 1 lists some of the 
physical properties of the soils at these two sites. 
At the Ames site, experiments were conducted in 12 field 
lysimeters. Each lysimeter was constructed by enclosing a 3 
m x 6 m area with a 0.25-ram-thick plastic liner to a depth of 
1.2 m to prevent lateral movement of subsurface water from 
the plot area. This was done by using a ditch-witch trencher 
to make a 0.2-m-wide and 1.2-m-deep trench around the 
perimeter of each 3 m x 6 m area. The bottom of the trench 
was manually finished with a tile-trench crumbet. A corru- 
gated, perforated plastic tube (100 mm outside diameter) was 
installed at the bottom of the trench inside the plastic barrier. 
Another 1.35-m-deep corrugated plastic pipe (0.46 m outside 
diameter) was installed as a sump at the corner of each 
lysimeter. The two ends of the perforated plastic tube were 
inserted into the sump at a height of 0.15 m from the bottom. 
The trenches were back-filled with the excavated soil. All 12 
field lysimeters were installed in 1986 and drainage studies 
were conducted in the lysimeters from 1986 to 1988. In 1989, 
the lysimeters were enclosed with another 0.25-mm-thick 
pvc (poly-vinyl-chloride) flexible liner to a depth of 1.7 m to 
encase a much larger area of 9 m x 9 m with the 3 m x 6 m 
field lysimeter located in the center of the enclosed area to 
ensure that subsurface water did not move laterally between 
lysimeters to a depth of 1.7 m. A detailed procedure for the 
lysimeter installation is described by Ka!ita and Kanwar 
[1989] and is also shown in Figure 1. 
A float mechanism was installed in each sump to maintain 
the desired water table depth in the lysimeter plot area. Each 
lysimeter was connected to the main water supply tank with 
a 75-mm-diameter pvc irrigation pipe. The main water sup- 
ply tank (1.6 m high and 1.3 m-inside diameter) was raised 2 
m from the soil surface on a concrete floor to maintain 
sufficient hydraulic head for gravity flow of water from the 
tank to all lysimeters for maintaining water tables in the plot 
area. The layout of the experimental area is shown in Figure 
2. 
In 1988 a dual-pipe subirrigation system was installed at 
the Ankeny site on a 0.5-ha area with significant natural 
ground slope of 2.5%. The basic concept of the dual-pipe 
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Irrigation 
Lateral 
R4 
Water Meter 
120 crn 
[• Plastic Barrier (0.25 mm thick) 
"-::• PVC Flexible Liner 
Sump Pump 
Garden Hose 
ated Plastic Sump 
(46 cm OO) 
Corrugated Plastic Tile 
(10 cm OO) 
Float Mechanism 
Hose Float 
Fig. 1. An isometric view of the !ysimeter with sump and float assembly. 
subirrigation system is illustrated in Figure 3. Shallow irri- 
gation pipes were installed at a depth of 0.5 to 0.6 m parallel 
to and midway between drainage pipes, which were installed 
at a depth of 1.2 m. Because of the natural ground slope 
along the length of the field, water tables could be main- 
tained at various depths below the soil surface by controlling 
the subsurface drainage outflows and by supplying irrigation 
water through the subirrigation pipes. 
Plant Culture 
The corn genotype Pioneer 3379 was planted at both sites. 
In 1989, seeds were planted on May 23 and harvested on 
October 31 at both sites. In 1990, seeds were planted on May 
8 and harvested on October 16 at both sites. The plant 
population was 66,600 per ha with a row-to-row distance of 
0.75 m and a seed-to-seed distance of 0.2 m in each field. 
Nitrogen fertilizer in the urea form was applied on the day of 
planting at a rate of 200 kg-N ha -l . Atrazine and Lasso were 
applied at a rate of 2.2 kg ha -l in 1989 and 1990 at the Ames 
site but were applied only in 1989 at the Ankeny site. 
Water Table Management Treatments 
At the Ames site, water table depths were maintained at 
0.3, 0.6, and 0.9 m in 1989 and 1990. Each WTMP was 
replicated three times. Water table depths were raised to the 
desired depths on 53 and 52 days after planting (DAP) in 1989 
and 1990 to allow corn roots to develop within 0.9 m of soil 
profile before flooding the root zone. Water tables were 
maintained at those depths until the harvesting time. Soil 
moisture contents at different depths were monitored with a 
neutron probe. 
At the Ankeny site, water table depths ranged from 0.03 to 
1.25 m during the growing season. Average water table 
depths at five locations A, B, C, D, and E (where monitoring 
devices were installed in the subirrigation field) were 0.2, 
0.3, 0.6, 0.9, and 1.1 m, respectively. A maximum water 
table depth of 1.25 m was observed at location E in the 
beginning of the season, and a minimum water table depth of 
0.03 m was observed at location A during the growing season 
because of heavy rainfall. Water table depths, however, 
were maintained through subirrigation from July 2 (53 DAB 
to September 12 (96 DAP). 
Measurements of Plant Physiological Parameters 
Leaf transpiration, stomatal conductivity, and leaf and air 
temperatures were measured with the LICOR-6200 portable 
photosynthesis system by enclosing the leaf in the chamber 
and for a short interval of 10 to 20 s. This system consists of 
a CO2 analyzer, a system console, and a sensor housing with 
interchangeable l af chambers. The CO2 analyzer is a dif- 
ferential, nondispersive, infrared-type (NDIR) instrument 
calibrated for measurements of 0-1100 ppm. Details of this 
measurement system are given by LI-COR [1987]. All mea- 
surements were made between 1200 and 1400 hours of the 
day and generally under clear sky. If clouds appeared during 
any measurement, he observed data changed significantly 
and were therefore discarded, and new measurements were 
taken later on the same plant. Rainfall during the growing 
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Fig. 2. Layout of the experimental plots at the Ames site. 
season was recorded at both field locations about 100 m 
away from experimental sites. 
Measurements on plant physiological parameters were 
made on a weekly basis at the Ames site in 1989 and 1990, 
and on a biweekly basis at the Ankeny site in 1990. In 1989, 
measurements were made in the field !ysimeters at the Ames 
site only during August. The latest fully developed leaf 
(generally third or fourth leaf from the top) was used for 
these measurements. Measurements that did not disturb leaf 
position or orientation were replicated on five plants at each 
lysimeter or field location. Thus the average value of the 
measurements on 15 plants for each treatment was used for 
the analysis. 
Soil moisture contents were measured in the lysimeter 
Reservo ir 
Irrigation 
Lines 
Drainage 
Lines 
Drainage 
Pump 
Fig. 3. A schematic sketch of the dual-pipe subirrigation system. 
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Fig. 4. Relation between net and photosynthetically active radia- 
tion. 
plots with a neutron probe. Neutron count ratio was re- 
corded at every 0.15-m interval up to 1.5-m depth below soil 
surface. These measurements were taken every week during 
the growing season. A calibration curve was developed 
before the start of water table treatments by collecting nine 
soil samples from within a radius of 0.2 to 0.3 m from the 
access tube at each depth and recording corresponding 
neutron count ratios. Soil moisture contents for all the 
samples were determined by oven dry method and converted 
into volumetric moisture content by multiplying them by the 
corresponding measured bulk density of the soil profile at 
that depth. A regression equation was made from the pooled 
data of moisture content and neutron count ratio giving a 
coefficient of correlation of 0.81. 
RESULTS AND DISCUSSION 
Net and photosynthetically active radiation and water 
table depth: The relation between net radiation of the 
canopy and irradiance measured during the 2-year study 
period is shown in Figure 4. In this study, net radiation of the 
canopy was only discussed since energy exchanges at the 
soil surface were neglected in (6) and (14). Irradiance is 
defined as the incoming solar radiation received by the leaf 
surface. In studies of physiological processes it is appropri- 
ate to express irradiance as photosynthetically active radia- 
TABLE 3. Monthly Rainfall During the Growing Seasons, Ames 
and Ankeny Sites 
Rainfall at Rainfall at 
Ames Site, mm Ankeny Site, mm 
Month 1989 1990 1989 1990 
May 106 217 102 120 
June 89 201 93 252 
July 62 196 112 228 
August 44 109 108 107 
September 81 57 0 21 
October 74 42 79 47 
Seasonal total 456 822 494 775 
tion (PAR) because it is often measured with a sensor whose 
spectral sensitivity is matched to the broad waveband ap- 
propriate to photosynthesis [Grace, 1983]. The net radiation 
utilized by the plant leaves for sensible and latent heat flux 
was estimated by using the leaf chamber energy balance 
equation (14). A linear relation was obtained between the 
pooled data of net radiation and irradiance by regression 
analysis with a coefficient of correlation of 0.7. This relation 
indicates that, on an average, net radiation was about 70% of 
the incoming solar radiation, which was measured during the 
peak hours of a day under clear sky (Figure 4). The extreme 
values of the ratio for net radiation of canopy and irradiance 
were 0.37 and 0.89 under different WTMP during the grow- 
ing season. Net radiation of corn leaves at various water 
table depths were significantly different from each other. 
Table 2 shows the level of significance for water table depths 
on net radiation, leaf-air temperature differential, transpira- 
tion, stomatal conductivity, and CWS!. 
Compared with 1990, 1989 was a relatively dry year. The 
monthly rainfall during the growing seasons of 1989 and 1990 
at both field locations are shown in Table 3. In !989, 
measurement on plant physiological parameters were taken 
between 70 and 98 days after planting. Figure 5 shows that in 
1989 net radiation decreased with time between 70 and 98 
days after planting, and significantly high net radiation was 
observed for plants at 0.3-m water table depth and the lowest 
net radiation values were found at 0.9-m water table depth. 
One reason for this phenomenon was that plants at a water 
TABLE 2. Level of Significance (P Level) of Water Table Depth, Location, and Time on Different Physiological Parameters 
Parameters DAP = 48 DAP = 64 DAP = 70 DAP = 77 DAP = 84 DAP = 91 DAP = 98 
RN WTD 0.159 0.013 0.016 0.0005 0.088 0.058 0.057 
Field 0.01 0.136 '" 0.006 -" 0.075 '" 
Year ...... 0.038 0.002 0.040 "- 0.105 
TD WTD 0.136 0.036 0.037 0.015 0.006 0.043 0.026 
Field 0.045 0.955 '" 0.384 -" 0.23 '" 
Year ...... 0.269 0.796 0.057 --' 0.71 
TRAN WTD 0.32 0.20 0.016 0.001 0.058 0.090 0.24 
Field 0.015 0.28 '" 0.231 '" 0.45 '" 
Year ...... 0.093 0.008 0.096 '" 0.33 
COND WTD 0.15 0.042 0.052 0.015 0.012 0.012 0.04 
Field 0.003 0.09 '" 0.028 -'- 0.878 '" 
Year ...... 0.082 0.035 0.190 -" 0.08 
CWSI WTD 0.23 0.05 "- 0.042 0.125 .-- 0.50 
Field 0.02 0.057 '.. 0.04 ......... 
Year ......... 0.16 0.184 '-' 0.42 
DAP: days after planting; CWSI: crop water stress index; TRAN: transpiration rate; COND: stomatal conductance; RN: net radiation; 
TD: leaf-air temperature differential; WTD: water table depth. 
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Fig. 5. Net radiation for the lysimeter plots at the Ames site, 1989. 
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Fig. 7. Net radiation for the subirrigation field at the Ankeny site, 
1990. 
table depth of 0.3 m received adequate water supply for 
evaporative demand unlike plants at 0.6- and 0.9-m water 
table depths in a dry season of 1989. Therefore plants at 0.3 
m water table position used more solar radiation because of 
high latent heat flux. Figures 6 and 7 show the relation 
between net radiation and water table depths in 1990 for the 
Ames and Ankeny sites, respectively. Table 2 shows that net 
radiation, before the start of water table treatments, was not 
significantly different between plots. Figure 6 shows that net 
radiation increased for all the plots after the water table 
treatments were started and that it reached the maximum 
value on day 64 after planting. The highest net radiation 
values of 865, 730, and 640 W m -2 were estimated 64 days 
after planting for water table depths of 0.3, 0.6, and 0.9 m, 
respectively. With increase in plant age, net radiation de- 
clined for all three water table depths, and the differences in 
net radiation among 0.3-, 0.6-, and 0.9-m water table depths 
also decreased. Figure 7 shows similar results for the subir- 
rigation field at Ankeny. The minimum net radiation in this 
field was observed at 0.2- and 1.1-m water table depths. A 
water table depth of 1.1 m showed low values of net 
radiation due to inadequate water supply to the plants for 
latent heat flux, whereas a reduction of net radiation at 0.2-m 
water table depth was definitely due to poor aeration in the 
crop root zone. High water table depth caused watedogging, 
which restricted the supply of oxygen to roots and soil 
microorganisms first by displacing air from soil and then by 
slowing the diffusion of oxygen [Cannell and Jackson, 1981]. 
Therefore plant leaves could not transpire at normal rate; 
latent heat flux was decreased, and thus net radiation was 
significantly reduced. 
Leaf-air temperature and water table depth: Leaf and air 
temperatures were measured using the portable photosyn- 
thesis system inside the canopy. Air and leaf temperatures 
during growing seasons of two years are shown in Figure 8. 
The 45 ø dashed line describes a relation if leaf temperature 
(Tc) is equal to air temperature (Ta). For air temperatures 
between 25 ø to 33øC, the differences between Tc and Ta were 
almost negligible, and, for air temperature greater than 33øC, 
leaf temperatures fell slightly below the air temperature and 
deviated from the dashed line (Figure 8). These results are 
supported by those of Jackson [ 1982], who reported that, in 
a humid environment, canopy air temperature differences 
would be very small and positive in many situations. An- 
other study by idso et al. [1986] also documented that leaf 
temperatures were much smaller than air temperatures as 
the air temperatures increased under cloudless sky and in 
sealed and unventilated greenhouse conditions. 
The leaf air temperature differential under various WTMP 
are shown in Figures 9, 10, and 11. Figure 9 shows that leaf 
temperatures were lower than air temperatures when water 
tables were at 0.3 and 0.6 m, but were higher than air 
temperatures for 0.9 water table depth. The maximum and 
minimum differences between leaf and air temperatures were 
1. IøC and -0.9øC for water table positions of 0.3 and 0.9 m, 
respectively. Figure 10 shows that leaf-air temperature dif- 
ferentials were positive for all lysimeter plots before water 
//• - I&q'D=0.9 rn 
+ I&q'O=0.6 rn 
= . rn 
I I I i I ...... I •31 
Days afl• • 
Fig. 6. Net radiation for the lysimeter plots at the Ames site, 1990. 
Fig. 8. Relation between leaf and air temperature for two study 
years at two sites. 
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Fig. 11. Leaf-air temperature differential for the subirrigation field 
in 1990. 
table treatments began in 1990. After water table depths 
were raised to 0.3, 0.6, and 0.9 m, T c - T a decreased in all 
plots. For 0.9-m water table depth, Tc- Ta decreased to 
almost zero on day 64 after planting and thereafter increased 
to 0.9øC on day 98 after planting. Water table depths of 0.6 
and 0.3 m revealed that Tc- Ta decreased to -0.82øC and 
-1.2øC, respectively, on day 64 after planting, and then 
increased to -0.1øC and -0.3øC, respectively, on day 98 
after planting. Temperature differentials were significantly 
different for different water table depths. Comparing Figures 
9 and 10, one can find that Tc - Ta was higher at all water 
table depths in 1989 than in 1990. This difference was due to 
high rainfall in 1990. Rainfall during the growing season of 
1990 often supplied additional moisture to crop root zone 
above the water table position, and therefore leaf tempera- 
tures were lower than those of the dry season of 1989. In the 
dry year, soil moisture for the plant roots were extracted 
only from the water tables, and a shallow water table was 
able to supply more water to plant roots at shallow depth. 
Figure 11 shows the effect of five different water table 
depths on Tc- Ta in the subirrigation field at Ankeny. At 
the initial crop stage, T c - T a increased with plant age up to 
0.6øC on day 48 after planting when the water table was 
below 1.2 m in all plots. After water tables were raised by 
subirrigation, T c - T a decreased significantly to about 
-0.8øC in plots where water table was maintained at 0.3-, 
0.6-, and 0.9-m depths, and to -0.4øC for 1.1-m water table 
depth. However, 0.2-m water table depth did not show much 
decrease in Tc- Ta. A rapid increase in T c - T a within a 
short time was observed for water table depth of 0.3 m in this 
field. In the subirrigation field, water tables could not be 
maintained at constant depths and as mentioned earlier 
fluctuated during the growing season. Because of the com- 
bined effect of heavy rainfall and water table fluctuation, the 
plots at 0.3-m water table depth also suffered from waterlog- 
ging during certain periods in the 1990 growing season; 
waterlogging also increased leaf temperature. This effect was 
not observed in the lysimeter plots with 0.3-m water table 
depth because excess water above the desired water table 
depth was automatically pumped out of the system after 
every rainfall event. A water table of 1.1-m depth in the 
subirrigation field could not supply adequate amount of 
water to the plant leaves, whereas very shallow water table 
depths (0.2-0.3 m) caused waterlogging; both conditions 
increased leaf temperature in the subirrigation field. Figures 
9 to 11 indicate that water table depth was most sensitive to 
leaf temperature between 55 and 75 days after planting (late 
vegetative and early flowering stage of corn) in the humid 
environment. 
Transpiration rate and water table depth' Leaf transpira- 
tion rate was significantly affected by water table depths. 
Plants with shallow water table depth always showed higher 
transpiration rates than plants with deep water table depths. 
Figures 12, 13, and 14 show the relation between water table 
depths and transpiration rates during the growing season. 
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Fig. 10. Leaf-air temperature differential for the lysimeter plots in 
1990. 
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Fig. 15. Stomatal conductance for the lysimeter plots at the Ames 
site, 1989. 
Figure 12 shows that the 0.3-m water table depth gave 
significantly higher transpiration rate than did 0.6- and 0.9-m 
water table depths during 70 to 98 days after planting in the 
lysimeter plots in 1989. Table 2 also indicates that water 
table depths significantly affected transpiration rates. Figure 
13 shows that transpiration rate increased by almost two 
times only 3 days after water table depth was raised to 0.3 m, 
and 1.5 times for water table depths raised to 0.9 m in the 
lysimeter plots in 1990. The maximum transpiration rates at 
the peak hour during the daytime were 33, 28, and 23 mm 
d -] for water table depths of 0.3, 0.6, and 0.9 m, respec- 
tively, on day 64 after planting. Transpiration rates de- 
creased with plant age after 64 days. Transpiration rates 
were 15, 12.5, and 10.8 mm d -• for 0.3-, 0.6-, and 0.9-m 
water table depths, respectively during the peak daytime 
hour on day 98 after planting. A comparison of Figures 12 
and 13 and an evaluation of data from Table 2 show that 
transpiration rates were significantly higher in 1990 than in 
!989 in the lysimeter plots. The decrease in transpiration rate 
with plant age was a result of increased stomatal resistance. 
Figure !4 shows that plants at a water table depth of 0.2 m 
had the minimum transpiration rates in the subirrigation field 
in 1990. Transpiration rates increased significantly for water 
table depths of 0.3, 0.6, and 0.9 m, but transpiration rates 
increased insignficantly for 0.2- and 1.1-m water table 
depths. The maximum transpiration rate at 0.2 m water table 
depth during the peak hour of day 64 was 23 mm d -] , and it 
decreased to 7 mm d-] on day 98 after planting for plants at 
the same water table depth. Cannell and Jackson [1981] 
reported that waterlogging could cause shoots to wilt in a 
very short time. Waterlogging could cause physiological 
drought to plant leaves by increasing resistance to water flow 
in the roots. When stomata are open wide enough to allow a 
rapid rate of water loss, and in contrast, when roots reduce 
water supply to the leaves, the plant leaves wilt and, as a 
result, transpiration rate slows down significantly. It was 
also observed that transpiration exhibited similar relations as 
net radiation under all different WTMP. 
Stomatal conductance and water table depth: The relation 
between stomatal conductance and water table depths for 
the lysimeter plots at the Ames site for 1989 is shown in 
Figure 15. At 0.3-m water table depth, stomatal conductance 
was significantly higher than at 0.6 and 0.9 m water table 
depths. Similar observations were made in 1990 (Figure 16). 
Figure 16 shows that, three days after water table depths 
were raised to 0.3-, 0.6-, and 0.9-m depths, stomatal conduc- 
tivities increased by more than 2.5 times for plots with 0.3 m, 
and about two times for plots with 0.6- and 0.9-m water table 
depths. The highest stomatal conductivity values were ob- 
served on day 64 after planting as 78, 60, and 40 mm s -1 for 
water table depths of 0.3, 0.6, and 0.9 m, respectively. These 
values decreased with plant age and reached almost to one 
value (10 mm s-•) on day 98 after planting at all three water 
table depths. Figure 17 shows stomatal conductances in the 
subirrigation field at Ankeny in 1990. After the subirrigation 
treatments were started, stomatal conductivity values in- 
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Fig. 16. Stomatal conductance for the lysimeter plots at the Ames 
site, 1990. 
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Fig. 19. Crop water stress index for the lysimeter plots at the 
Ames site, 1989. 
creased at all but 0.2-m water table depth. At 0.2-m water 
table depth, stomatal conductance decreased from 35 to 20 
mm s -• within 14 days after water table treatments began. 
Maximum stomatal conductivity of 47 mm s-• was observed 
for water table depth of 0.3 m on day 64 after planting, and 
this value was significantly smaller than the maximum sto- 
matal conductance in the lysimeter plots. Table 2 indicates 
that stomatal conductances were significantly different at the 
two experimental sites. Stomatal conductances were very 
sensitive to water table position during the greater part of the 
growing season, specially during the late vegetative and 
early flowering stages of corn (55 to 75 days after planting). 
The relation between CWSI and stomatal conductance is 
shown graphically in Figure 18. All the values for stomatal 
conductance were measured during the peak hours of the 
day. However, Whitfield [1990] observed from experiments 
on irrigated wheat in Australia that maximum values of 
stomatal conductance were from before-noon measure- 
ments. Idso et al. [1988] reported that directly measured 
stomatal conductivity values could be lower than what was 
characteristics of nonchamber plants in the free air. 
Crop water stress index: Crop water stress index values 
calculated using (11) are shown in Figures 19, 21, and 23. In 
(11), r s values were stomatal resistances at the time of 
measurement. The boundary layer resistance (ra) was taken 
from the portable photosynthesis ystem. The values of 
stomatal resistance at potential transpiration (rot,) were the 
stomatal resistance values at minimum leaf-air temperature 
differentials. Figure 19 shows the relation between water 
table depth and CWSI for the lysimeter plots in 1989. It is 
clear from this figure that at all water table depths, CWSI 
values increased with plant age. Crop water stress index 
values with 0.3 m water table depth were significantly 
smaller than those with 0.6 and 0.9 m water table depths. 
The volumetric moisture contents at various soil depths in 
the lysimeter plots in 1989 are shown in Figure 20. The 
saturated volumetric moisture content of the soil profile was 
46%, and the soil above 0.3-m water table depth remained 
almost saturated (42 to 46%) at all times during the growing 
season. Moisture contents were measured every week, but 
identical results were obtained most of the time and there- 
fore are not shown in the figure. With 0.6-m water table 
depth, moisture contents of 0.15- to 0.5-m soil profile were 
between 35 and 42%. However, for 0.9-m water table depth, 
moisture contents in the top 0.5-m soil profile were less than 
30% during the growing season. 
Crop water stress index values in the lysimeter plots for 
1990 are shown in Figure 21. This figure shows that CWSI 
decreased significantly after water table depths were raised 
to 0.3, 0.6, and 0.9 m. On day 64 after planting, CWSI for 
plants with 0.3-m water table depth was very close to zero, 
and the CWSI values with 0.6- and 0.9-m water table depths 
were only 0.1 and 0.2, respectively. Crop water stress index 
values increased after 64 days, and a CWSI value of 0.8 was 
observed for plants with all three water table depths on day 
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Fig. 18. Relation between stomatal conductance and crop water 
stress index. 
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98 after planting. Although the water tables were maintained 
at the desired depths for the rest of the growing season, 
CWSI values increased significantly because of increased 
stomatal resistances. The moisture contents of the soil 
profiles above water table depths for 1990 are shown in 
Figure 22. It is obvious from this figure that moisture 
contents in the soil profiles in 1990 were higher than those in 
1989 because of high rainfall in 1990. Figure 21 shows that 
after 77 days, CWSI values were similar for plants at all 
three water table depths. Figures 21 and 22 show that not 
only the increase in CWSI values after 77 days of planting 
did not result from inadequate water supply but from plant 
age (increased stomatal resistance) but also the various 
water table depths did not affect CWSI values after 77 days. 
Therefore in terms of crop production, subirrigation or 
WTMP can be stopped after flowering stage of corn (after 77 
to 80 days) in the humid environment. For 1989, data also 
revealed similar results. The water table was maintained in 
these plots until harvesting to manage and reduce NO3-N in 
the groundwater (3 years of experimental results show that 
by maintaining a shallow water table depth of 0.3 to 0.6 m in 
the corn field during the entire growing season, NO3-N 
concentration in the groundwater can be reduced significant- 
ly). 
Crop water stress index values in the subirrigation field in 
1990 are shown in Figure 23. This figure shows that with 
water table depth of 0.2 m, CWSI values increased signifi- 
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Fig..22. Volumetric soil moisture content at various depths 
below soil surface for three water table depths in the lysimeter plots 
at the Ames site, 1990. 
cantly. Crop water stress index values increased up to 0.9 on 
day 91 after planting for 0.2-m water table depth. The 
waterlogging condition caused by the 0.2-m water table 
depth damaged the plant roots, and the plants wilted. The 
results show that excess water in the root zone increases 
crop water stress. To reduce crop water stress, both water 
and oxygen are needed in adequate amounts. The higher 
CWSI values at 1.1-m water table depth were caused by 
inadequate water supply. In this field the minimum CWSI of 
0.15 on day 64 after planting was estimated for a water table 
depth of 0.3 m. 
The results of these experiments show that WTMP can 
reduce crop water stress significantly until flowering stage of 
corn. Crop water stress index increases with plant age 
irrespective of water table depth after this stage. This finding 
is supported by a report of Jackson [1982] from some 
experiments on wheat; the experiments showed that, as the 
wheat matured, green leaves began to die, causing transpi- 
ration to decrease, and thus, after an irrigation, plant tem- 
perature remained high, causing a high CWSI even though 
the fraction of extractable water used was low. He also 
reported that a reduction in growth rate was imminent for 
CWSI greater than 0.3 and that for CWSI equal to 0.5, net 
growth would cease and might decrease. He suggests that 
irrigation should be given when CWSI is within 0.3-0.5, and 
the precise value should be determined by water availability 
and other management factors. It was observed from the 
subirrigation field that, CWSI values with 0.2 m water table 
depth exceeded 0.5 during the peak vegetative growth stage 
and that the plant growth completely stopped. Therefore, 
supporting Jackson's statement, the author also suggests 
that excess water should be removed by lowering the water 
table depth when CWSI is within 0.3-0.5. Crop water stress 
index values with all water table depths during the vegetative 
and flowering stages of corn represented water table man- 
agement/subirrigation effects on corn growth very well. 
However, the results of this study were based on portable 
chamber measurements. Thus use of remote sensing tech- 
niques with ancillary meteorological data from standard 
weather stations to infer CWSI may yield significantly dif- 
ferent relationships. 
CONCLUSIONS 
The results of the experiments with corn indicate that the 
effectiveness of WTMP on crop growth can be successfully 
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evaluated by using an energy balance concept and CWSI 
based on portable chamber measurements. Several crop 
physiological parameters (net radiation of canopy, transpi- 
ration, and stomatal conductance) exhibited similar relations 
with various WTMP during the growing season. The crop 
physiological parameters were very sensitive to the water 
table depth during the vegetative and flowering stages of 
corn. The highest values of net radiation, transpiration, and 
stomatal conductance were observed on day 64 after plant- 
ing (late vegetative stage) for a water table depth of 0.3 m. 
On the contrary, a shallow water table depth of 0.2 m caused 
waterlogging in the root zone and resulted in the poorest 
plant growth and the lowest values of net radiation, transpi- 
ration, and stomatal conductance. These results indicate that 
plant physiological parameters could be used to evaluate and 
develop the best management practices. 
Leaf-air temperature differential and CWSI also showed 
strong relations to WTMP. The minimum leaf-air tempera- 
ture differential and CWSI were observed on plants with 0.3 
m water table depth. A water table depth of 0.2 m caused the 
maximum crop water stress. Crop water stress index values 
were critical during the vegetative and flowering stages of 
corn, and CWSI could be significantly reduced by adopting 
the right WTMP. Excess water with 0.2-m water table depth 
harmed crop growth more than did inadequate water in the 
root zone with 1.1-m water table depth. Adequate soil 
moisture and oxygen are both needed for plant growth, 
which could be maintained by adopting the best WTMP. 
Water table management practices thus can be successful 
and effective when various plant physiological parameters 
are monitored and CWSI is adjusted to enhance crop 
growth. 
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